As a result of our search for new isoniazid derivatives with extended spectra of activity, we evaluated the in vitro antimycobacterial activities of isonicotinohydrazides (compounds 2) and their cyanoborane adducts (compounds 3), both obtained by the reaction of isonicotinoylhydrazones (compounds 1) with sodium cyanoborohydride. Most of the tested compounds displayed moderate to high activity against Mycobacterium tuberculosis H37Rv, with MICs ranging from 0.2 to 12.5 g/ml. In particular, some hydrazides showed activity similar to that of rifampin (MIC ‫؍‬ 0.2 g/ml) and rather low cytotoxicity, so that they were generally shown to possess high safety indices. In contrast, the coordination to a cyanoborane (BH 2 CN) group (compounds 3) in general brought about a decrease in antimycobacterial activity, while cytotoxicity increased. Interestingly, selected compounds 1 to 3, mostly hydrazides (compounds 2), were effective in killing M. tuberculosis growing within macrophages at concentrations in culture medium which were much lower than the corresponding MICs. These compounds also displayed good activity against drug-resistant M. tuberculosis strains.
Tuberculosis (TB) is still a challenging worldwide health problem, and Mycobacterium tuberculosis remains one of the single most deadly human pathogens. The resurgence of TB over the last 15 years, even in industrialized countries where it was almost eradicated, has been favored by the pathogenic synergy with human immunodeficiency virus infection. In fact, TB and other atypical mycobacterioses are now diseases frequently associated with AIDS; human immunodeficiency virus infection significantly increases the risk that new or latent TB infections will progress to active diseases (5, (10) (11) (12) .
The emergence of TB has also been accompanied by the appearance of single-drug-resistant (SDR) and multidrug-resistant strains of M. tuberculosis which are insensitive to one or more of the first-line anti-TB drugs (isoniazid [INH] , rifampin, ethambutol, streptomycin, and pyrazinamide) (27) . Indeed, a great amount of work has been done in order to acquire useful knowledge about the mechanisms of action of and resistance to available antitubercular agents (7, 13, 17-20, 22-24, 33) . M. tuberculosis often becomes drug resistant as a consequence of spontaneous genetic mutations involving the molecular targets of drugs. The primary mechanism of multidrug resistance in TB is the accumulation of mutations in individual drug target genes (19) . However, such knowledge is not sufficient to rationally overcome drug resistance in mycobacteria. In fact, currently, combinations of two or more anti-TB drugs are used to prevent the development of resistant mycobacteria; sometimes it is also necessary to resort to second-line drugs (ciprofloxacin, ethionamide, kanamycin, and aminosalicylic acid, etc.) (15, 25) . Consequently, the present anti-TB regimen is rather complex and lengthy. In immunosuppressed patients, it is also unsatisfactory. All of these serious concerns require particular attention and stimulate the continuing search for new antimycobacterial agents and therapeutic regimens.
In the last few years, we have synthesized and pharmacologically explored numerous different lipophilic analogues of INH with the aim of finding new compounds with activity against TB as well as other AIDS-associated diseases (2, 3, 21, (28) (29) (30) (31) . In particular, we have recently reported on the synthesis of 2Ј-arylalkylisonicotinohydrazides (compounds 2) and their cyanoborane adducts (compounds 3) (Fig. 1) (21) . We found that several of them have promising antiproliferative properties against several human tumor cell lines (31) . We now report on the in vitro evaluation of their antimycobacterial activities. This was considered to be of interest since compounds 2 and 3, which maintain the isonicotinoyl moiety, a pharmacophore considered to be important in antitubercular activity, also have lipophilic moieties linked to 2Ј N and pyridine N, which could potentially affect pharmacokinetics by facilitating the crossing of biomembranes or prolonging biological activities.
In the 1960s and 1970s, several 2Ј-monosubstituted isonicotinohydrazides were reported to possess appreciable in vivo antimycobacterial activity linked to the release of parental INH (8, 14, 16, 25) . To our knowledge, cyanoboranes with such anti-infective properties have not been reported before.
MATERIALS AND METHODS
Chemical syntheses. The synthesis of 2Ј-arylalkylisonicotinohydrazides (compounds 2) and 2Ј-arylalkylisonicotinohydrazide cyanoboranes (compounds 3) were performed according to previously reported procedures (21) . Briefly, the treatment of isonicotinoylhydrazones (ISNEs) (compounds 1) with sodium cyanoborohydride (NaBH 3 CN) (molar ratio, 1:2) in anhydrous tetrahydrofuran (THF) at room temperature (reaction time, 30 min) produced 2Ј-arylalkylisonicotinohydrazide cyanoborane adducts (compounds 3) in high yields, whereas the same reaction carried out in refluxing methanol quantitatively provided 2Ј-arylalkylisonicotinohydrazides (compounds 2). Compounds 2 and 3 were characterized by means of infrared and 1 H and 13 C nuclear magnetic resonance (NMR) spectroscopies; data for the newly synthesized compounds are summarized in Table 1 .
Melting points were recorded on a Kofler hot-stage apparatus and are uncorrected. NMR spectra were recorded on a Varian 300 MHz spectrometer; chemical shifts are given in ␦ units relative to the internal standard tetramethylsilane and refer to chloroform-d (CDCl 3 ) or dimethyl-d 6 sulfoxide solutions. Infrared spectra were recorded as Nujol mulls in the range of 4,000 to 300 cm Ϫ1 on a Perkin-Elmer 683 spectrophotometer. Microanalyses (C, H, and N) were obtained using a Carlo Erba model 1106 analyzer and are within Ϯ0.4% of theoretical values.
In vitro antimycobacterial assays. The in vitro antimycobacterial activity was assayed by the Tuberculosis Antimicrobial Acquisition Coordinating Facility (TAACF) antituberculosis drug discovery program, coordinated by the Southern Research Institute (Birmingham, Ala.) under the direction of the National Institute of Allergy and Infectious Diseases.
All compounds were initially screened against M. tuberculosis H37Rv (ATCC 27294) (American Type Culture Collection, Manassas, Va.) at the single concentration of 12.5 g/ml in BACTEC 12B medium using a broth microdilution assay, the microplate Alamar blue assay (MABA) (9) . Compounds exhibiting fluorescence were tested in the BACTEC 460 radiometric system (6). Compounds effecting Ͻ90% inhibition in the primary screen (i.e., MIC of Ͼ12.5 g/ml) were not generally evaluated further. Compounds demonstrating at least 90% inhibition in the primary screen were retested at lower concentrations by serial dilution against M. tuberculosis H37Rv to determine the actual MIC, using the MABA. The MIC is defined as the lowest concentration effecting a reduction in fluorescence of 90% relative to controls. Rifampin was used as a reference drug.
Concurrent with the determination of MICs, compounds were tested for cytotoxicity (50% inhibitory concentration [IC 50 ]) in Vero cells. After 72 h of exposure, viability was assessed on the basis of cellular conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide into a formazan product using the Promega Celltiter 96 nonradioactive cell proliferation assay. The selectivity index (SI) is defined as the ratio of the measured IC 50 in Vero cells to the MIC described above. The activities of compounds with SIs of Ͼ10 were confirmed in the BACTEC 460 system at 6.25 g/ml.
Compounds were then tested for killing of M. tuberculosis Erdman (ATCC 35801) in monolayers of mouse bone marrow macrophages, as previously described (26) , at fourfold concentrations equivalent to 0.25, 1, 4, and 16 times the MIC. The 90% effective concentration (EC 90 ) and EC 99 are the lowest concentrations effecting 90 and 99% reductions in CFU, respectively, at 7 days compared to drug-free controls.
Concurrently with this test, MICs against a panel of SDR strains (i.e., each strain being resistant to a single TB drug), typically an M. tuberculosis strain resistant to INH (ATCC 35822), a strain resistant to rifampin (ATCC 35838), and one or more additional SDR strains (chosen on the basis of compound type), were determined in the MABA system. The minimum bactericidal concentration (MBC) was then determined for M. tuberculosis H37Rv and for the appropriate drug-resistant strain by subculturing onto drug-free solid medium and enumeration of CFU after exposure in Middlebrook 7H9 medium supplemented with drug concentrations equivalent to and higher than the previously determined MICs against the respective strains.
RESULTS AND DISCUSSION
2Ј-Arylalkylisonicotinohydrazides (compounds 2) and their cyanoborane adducts (compounds 3) were prepared in good yields by the reaction of ISNEs (compounds 1) with sodium cyanoborohydride (NaBH 3 CN), according to previously described procedures (21) (Fig. 1) . Variable-temperature NMR experiments in methyl-d 3 alcohol-d solution showed that the cleavage of the PyN-B bond, and thus the conversion of compounds 3 to compounds 2, takes place at 80°C. However, when compounds 3 were kept for 7 to 10 days in phosphate buffer Isonicotinohydrazides (compounds 2) and cyanoboranes (compounds 3) were tested for in vitro antitubercular activity, in comparison with their parent ISNEs (compounds 1), according to the TAACF screening program, which is aimed to support the discovery of new agents for the treatment of TB. In this extended evaluation, compounds that in the primary screening (a high-throughput in vitro assay at 12.5 g/ml) appear to be potentially of interest are selected for confirmatory and advanced testing so that, step by step, a comprehensive profile of the antimycobacterial activity of the new agent is provided.
Most of the tested compounds, assayed at 12.5 g/ml, inhibited growth of M. tuberculosis H37Rv (ATCC 27294, susceptible to INH and rifampin) by 98 to 100%. They were then selected for further steps of the TAACF screening. On the other hand, cyanoboranes 3i, 3j, 3k, 3l, 3m, and 3o, which exhibited MICs of Ͼ12.5 g/ml, were considered ineffective, and their screening was stopped. Selected derivatives 1 to 3 were retested at lower concentrations against M. tuberculosis H37Rv and M. tuberculosis Erdman (ATCC 35801, drug sensitive) to determine the actual MICs.
MICs and in vitro cytotoxicity to Vero cells, along with SIs calculated as IC 50 /MIC H37Rv ratio, are reported in Table 2 . Isonicotinohydrazides (compounds 2) displayed good activity against H37Rv, with MICs generally ranging between 0.2 and 1.6 g/ml. In particular, the inhibitory effects of compounds 2a, 2b, and 2e (MICs ϭ 0.2 g/ml) were similar to those of rifampin. Slightly higher MICs were generally observed against M. tuberculosis Erdman. Compared to the corresponding ISNEs (compounds 1), however, hydrazides (compounds 2) were 2-to 16-fold less active against both the H37Rv and Erdman strains. The presence of the cyanoborane moiety (BH 2 CN) in compounds 3 brought about a remarkable decrease in activity. The results summarized in Table 2 clearly show that the antimycobacterial effectiveness against both mycobacteria decreased in the order ISNEs (compounds 1) Ͼ isonicotinohydrazides (compounds 2) Ͼ cyanoboranes (compounds 3).
Fluorine and trifluoromethyl substitutions on the benzene ring appeared to be the most beneficial for activity; in addition, the trifluoromethyl group directly linked to an iminic carbon (as in compound 1p) or to a 2Ј-methylene group (as in compounds 2p and 3p) gave high MICs. The replacement of the arylmethyl moiety (R ϭ H) with the arylethyl one (R ϭ CH 3 ) in compounds 2 and 3 was not beneficial, as demonstrated by the a-h, b-i, c-j, d-k, and e-l pairs of compounds.
The in vitro cytotoxicity to Vero cells was shown to decrease in the order cyanoboranes (compounds 3) Ͼ ISNEs (compounds 1) Ն hydrazides (compounds 2) ( Table 2 ). Hydrazides (compounds 2), on the whole, are the least cytotoxic among the tested compounds, although their cytotoxicity is higher than that of INH. However, they showed a good differential between active and cytotoxic doses, as the SIs indicate; particularly indicative examples are compounds 2b, with an SI of 625, and 2d, with an SI of Ͼ320.5. On the other hand, cyanoboranes (compounds 3) showed the lowest SIs among the tested compounds, with the exception of compound 3p, which is endowed with good activity and a good SI (122). On the whole, the presence of the BH 2 CN moiety appeared to be detrimental, in that cytotoxicity was enhanced while antimycobacterial activity was lowered. Such a feature of compounds 3 could be related to their antiproliferative properties against several human tumor cell lines, which we previously reported (31) .
In the subsequent steps of the TAACF program, compounds with SIs of Ͼ10 were tested for killing of M. tuberculosis Erdman (ATCC 35801) in monolayers of mouse bone marrow macrophages (26) . Such an assay must be considered highly predictive for an effective antitubercular agent, since M. tuberculosis is an intracellular parasite, living and multiplying inside macrophages; thus, many factors that are not reflected in a broth culture assay could influence the activity of a drug within the infected host cell. Interestingly, the selected compounds were very active in this model (Table 3) . Indeed, their EC 90 s (and often their EC 99 s also) were much lower than the corresponding MICs against both the Erdman and H37Rv strains (Tables 2 and 3) ; thus, EC 90 /MIC ratios were considerably lower than the stated activity criterion, which is 16, especially in the cases of compounds 1c, 2a, 2d, 2e, and 2h. The most potent derivative was 2e, which was able to kill M. tuberculosis Erdman growing within macrophages at a concentration at least 1,250-fold lower than the MIC observed in the culture medium. The activities of compounds 2a and 2h were also appreciable, since their EC 90 s were 78-fold lower than their MICs. Moreover, compounds 1c, 2a, 2d, and 2e showed EC 90 s lower than those of INH and rifampin (Table 3) .
These data clearly indicate that the tested compounds are active against both intracellular and extracellular M. tuberculosis strains. Furthermore, they are even more effective in killing bacilli growing within cells than those growing in culture media.
Concurrently with testing of the compounds in macrophages, evaluation of activity against SDR M. tuberculosis strains was performed (Table 4) . Several of the compounds 1 to 3 displayed moderate to high activity against rifampin-, ethambutol-, and kanamycin-resistant M. tuberculosis; MICs ranged between 0.05 and 3.13 g/ml, with the exception of compound 2h. The susceptibilities of these strains can be considered comparable to that of H37Rv, as was indicated by the ratios of MICs against resistant and nonresistant strains, which were generally about 1.
The MBCs of some compounds against H37Rv and rifampin-and INH-resistant strains were also determined ( Table  5 ). Most of the selected compounds showed rather low MBCs against the rifampin-resistant strain, ranging between 0.0125 and 3.13 g/ml. As expected for INH derivatives, compounds 1 to 3 were ineffective against the INH-resistant strain, as indicated by the high ratios of MICs against INH-resistant and -susceptible strains, which are indicative of the presence of cross-resistance. Cross-resistance between compounds 1 to 3 and ethionamide, as well as thiacetazone, was also observed (Table 4 ). These findings, as well as the structural analogy, suggested that these INH derivatives should act at the same target as the parental drug. In fact, cross-resistance between INH and ethionamide and partial cross-resistance between ethionamide and thiacetazone are well known (1, 13, 22, 25) . Although INH resistance is a complex and multifactorial phenomenon also involving alterations of the katG gene, coding for catalase-peroxidase production (4, 19, 32, 33) , mutations within the mycobacterial inhA gene can confer resistance to both INH and ethionamide, with inhA being a primary target of action of both INH and ethionamide (1, 13, 23, 24) .
In conclusion, an extended evaluation of the in vitro antimycobacterial activities of isonicotinohydrazides (compounds 2), cyanoborane adducts (compounds 3), and parental ISNEs (compounds 1) was performed. Most of them, particularly ISNEs and hydrazides, displayed good antimycobacterial properties along with rather low cytotoxicity and proved to be interesting for at least two beneficial aspects. First, they were effective in killing M. tuberculosis growing within macrophages at concentrations much lower than the corresponding MICs in culture media (1,250-fold lower in the case of compound 2e); this finding is of interest because mycobacteria existing in cells are difficult to treat. Second, several hydrazides and ISNEs also displayed good inhibitory activity against ethambutol-, kanamycin-, and rifampin-resistant strains. In particular, isonicotinohydrazides 2a, 2d, and 2e showed the most appreciable in vitro activity, being more effective than parental INH in the macrophage model. 
